OBJECTIVE -To compare the incidence of heart failure in individuals with type 2 diabetes receiving thiazolidinediones (TZDs) versus other oral antihyperglycemic agents.
T hiazolidinediones (TZDs) are widely used oral antihyperglycemic drugs that facilitate insulin action, increase insulin-stimulated glucose disposal, and thereby decrease insulin resistance (1, 2) . TZDs are effective in lowering HbA 1c levels and also may have beneficial ␤-cell and vasculo-protective effects (3, 4) . Three TZDs (troglitazone, pioglitazone, and rosiglitazone) have been approved for use in the U.S., although troglitazone was withdrawn from the market because of severe hepatic toxicity (5) . Use of all of these drugs has been associated with weight gain, increased plasma volume, and edema (5-7), and it is possible that their use could contribute to heart failure in typical clinical practice. Since no published studies have addressed this issue, we tested the hypothesis by examining the relationship between use of TZDs and diagnoses of heart failure in a large health insurance claims database.
RESEARCH DESIGN AND METHODS

Overview
We used a retrospective cohort design with concurrent control subjects and data from a large health insurance claims database to examine the relationship between use of TZDs and risk of heart failure in patients with type 2 diabetes. The primary measure of interest was the incidence of a new diagnosis of heart failure. We used multivariate Cox proportional hazards regression to compare the risk of heart failure in patients who received TZDs with that among those who received other oral antihyperglycemic therapies only.
Data source
At the time of this study, the Pharmetrics Integrated Outcomes Database included information from pharmacy, provider, and facility claims for members enrolled in 35 health plans across the U.S., representing ϳ17 million individuals. All claims in the database include a unique encrypted patient identifier that can be used to construct a longitudinal history of medical care utilization for each plan member. Age, sex, plan characteristics, and dates of benefit eligibility are available for members in selected plans. Data available for each pharmacy claim include the drug dispensed (in National Drug Code format), the dispensing date, and (for selected plans) the quantity and number of therapy-days dispensed. Data avail-able for each provider or facility claim include dates of service and ICD-9-CM diagnosis codes. Provider claims also include Current Procedural Terminology, version 4 procedure codes. Data for this study spanned January 1995 to March 2001. The prevalence of diagnosed diabetes in the database is similar to that in the U.S. population (8) .
Study sample
We selected all patients who had complete enrollment and demographic information, one or more paid provider or facility claims with a diagnosis of type 2 diabetes (ICD-9-CM 250.X0, 250.X2), and one or more pharmacy claim for an oral antihyperglycemic drug (i.e., a TZD, a sulfonylurea [SU], metformin, an SU/ metformin combination, an ␣-glucosidase inhibitor [AGI], or a non-SU insulin secretagogue). From these patients, we identified all those who had one or more pharmacy claim for a TZD and for whom information on therapy-days dispensed was available for all TZD prescriptions. These data were required to accurately ascertain exposure to TZDs. These patients constituted the TZD group. For each patient, the date of the first claim for a TZD was identified and designated the index date. Patients with any claims with a diagnosis of heart failure (ICD-9-CM 402.11, 402.91, 428, 428.0, 428.1, and 428.9) during the 1-year period ending with the day before the index date (preindex period) were excluded.
To identify an unexposed control group, for each patient in the TZD group we randomly selected five patients who were not in the TZD group and who, during the preindex period of the corresponding TZD patient, 1) had one or more pharmacy claim for an oral antihyperglycemic agent, 2) had no diagnoses of heart failure, and 3) were continuously enrolled over this period (the five-to-one ratio was chosen based on an analysis of statistical power suggesting that little additional power would be gained with a greater ratio). These patients were designated the no TZD group, and each was evaluated with respect to the same index date and preindex period as the corresponding TZD-group patient.
To ensure that patients with preexisting heart failure were not included in our sample, we excluded from both groups any patient with a pharmacy claim for digoxin or a diuretic during the preindex period. We also excluded those Ͻ18 years of age as of the index date.
Patient characteristics
Information on age, sex, and number of months of continuous enrollment during the pre-and postindex periods was obtained from enrollment files. Pharmacy claims in the 3 months before the index date were scanned to identify patients receiving drugs for heart disease or antihyperglycemic agents. We scanned diagnosis and procedure codes on professional service and facility claims during the 1-year preindex period to 1) identify patients with a history of selected comorbid conditions (e.g., coronary artery disease [CAD] or complications of diabetes), 2) calculate the Charlson Comorbidity Index (9,10), 3) identify patients with emergency room visits or hospitalization for hyperglycemia or hypoglycemia, 4) calculate the numbers of HbA 1c tests (as a measure of intensity of diabetes care; lab results were not available in the dataset) and dilated eye exams performed, and 5) identify patients who underwent screening for diabetic nephropathy. Total health care costs (i.e., payments by health plans to providers) during the preindex period were also calculated for each patient.
Outcome measures
The primary measure of interest was the incidence of heart failure, defined as the occurrence during follow-up of one or more claims of any type (i.e., inpatient or outpatient, professional service or facility) with any diagnosis (i.e., primary or secondary) of heart failure. The follow-up period was defined as the period beginning with the index date and ending with the last date for which claims data were available, the date of health plan disenrollment (including death), or (for patients in the TZD group) the date of discontinuation of TZD therapy, whichever occurred first. TZD patients were assumed to have discontinued TZD therapy if 90 days passed without a new prescription for a TZD, starting from the date of the most recent prescription for a TZD plus the associated number of therapydays dispensed. In calendar time, the potential period of follow-up in both groups thus ranged from August 1997 (the month of troglitazone's approval in the U.S.) to March 2001 (the last month for which claims were available).
In secondary analyses, we defined heart failure based on the occurrence during follow-up of 1) two or more claims of any type with any diagnosis of heart failure (on different dates), 2) one or more claim of any type with a primary diagnosis of heart failure, or 3) one or more hospital inpatient claim with a primary diagnosis of heart failure (i.e., hospitalization for heart failure).
Statistical analyses
Patient characteristics were compared across treatment groups using Wilcoxon's rank-sum test for continuous variables and 2 tests for binary variables. Cox proportional hazards regression was employed to estimate hazard ratios (HRs) for heart failure given TZD use and other baseline demographic and clinical characteristics (11). Patients who did not experience heart failure were censored at the end of follow-up. Univariate and multivariate analyses were conducted. In multivariate analyses, we included treatment group plus all other patient characteristics as covariates. Unadjusted and adjusted estimates of the incidence of heart failure by treatment group and month were calculated using Kaplan-Meier methods (11) and the corrected group prognosis method (12), respectively.
We calculated HRs for heart failure given TZD use by index TZD (pioglitazone, rosiglitazone, or troglitazone) and, for each index TZD, by daily dosage (milligrams per day) of the index prescription (drug strength [in milligrams] times pills supplied divided by therapy-days prescribed). We used Wald's 2 to test the hypotheses of no difference in HRs by index TZD and, for each index TZD, the hypothesis of no difference in HR by daily dosage of index prescription. We generated multivariate HRs for heart failure given TZD use for subgroups of patients defined on the basis of selected covariates. Graphical and analytical methods were employed to assess the appropriateness of the proportional hazards assumption for the independent variable representing TZD use (13, 14) . In a secondary analysis, we compared the risk of heart failure in patients receiving TZDs with that in a propensity-matched sample of patients who did not receive these drugs (15,16) using multivariate Cox proportional hazards regression with stratification on matched pairs. All analyses were conducted using SAS Proprietary Soft-ware, release 8.1 (SAS Institute, Cary, NC).
RESULTS
Patient characteristics
TZD patients (n ϭ 5,441) were younger than those not receiving TZDs (n ϭ 28,103) but were more likely to have CAD, complications of diabetes, and experienced hyperglycemic emergencies (Table 1) . TZD patients were also more likely to have received ACE inhibitors, ␤-blockers, metformin, non-SU insulin secretagogues, AGIs, and especially insulin in the 3 months before their index date; however, they were less likely to have received SUs. They also were more likely to have received an HbA 1c test or dilated eye exam in the preindex period and to have a Charlson Index value Ͼ1. In addition, they had higher preindex health care costs and shorter periods of continuous enrollment both before and after the index date.
Incidence of heart failure A total of 523 subjects experienced heart failure during follow-up (1.6%), including 126 in the TZD group (2.3%) and 397 of the control subjects (1.4%). Patient characteristics that were associated with an increased risk of heart failure in univariate analyses (P Ͻ 0.05) included advanced age; history of CAD, stroke/ transient ischemic attack, complications of diabetes, arrhythmias, hypertension, and hyper-and hypoglycemic diabetic emergencies; receipt of ACE inhibitors, ␤-blockers, or insulin; dilated eye exam;
Charlson index Ͼ1; and preindex health care costs ( Table 2) . Receipt of metformin in the 3 months before the index date was associated with a lower risk of heart failure, as was receipt of an HbA 1c test, screening for diabetic nephropathy, and longer duration of continuous enrollment before the index date. The unadjusted HR for risk of heart failure associated with TZD exposure was 1.69 (95% CI 1.38 -2.06, P Ͻ 0.001). Kaplan-Meier estimates of the incidence of heart failure at 40 months (the maximum duration of follow-up) were 8.8% for TZD patients and 6.6% for control subjects.
Characteristics that were independently associated with increased risk of heart failure in the multivariate analysis included advanced age; a history of CAD, peripheral arterial complications of diabetes, or hyperglycemic emergencies; receipt of ACE inhibitors, ␤-blockers, or insulin; receipt of an HbA 1c test; a Charlson index Ͼ1; and higher preindex costs. After adjustment for all other covariates, the HR for heart failure given TZD use was 1.76 (95% CI 1.43-2.18, P Ͻ 0.001). The adjusted incidence of heart failure at 40 months was 8.8% among TZD patients and 5.5% among unexposed control subjects (Fig. 1) .
When we identified heart failure based on the presence of two or more claims of any type with any diagnosis of heart failure, the multivariate HR for TZD use was 1.74 (95% CI 1.54 -1.97, P Ͻ 0.001). The HR was 2.06 (1.65-2.58, P Ͻ 0.001) when we defined the outcome measure as the presence of one or more claims of any type with a primary diagnosis of heart failure and 3.57 (2.33-5.47, P Ͻ 0.001) when we defined the outcome measure as one or more hospital inpatient claim with a primary diagnosis of heart failure (i.e., hospitalization for heart failure). The adjusted incidence of hospitalization for heart failure by 40 months was estimated to be 2.5% among TZD patients and 1.0% among control subjects.
The test of the global hypothesis of a difference in HRs by index TZD was insignificant (P ϭ 0.091) ( Table 3) . No relationship was observed between daily dose of index prescription and risk of heart failure for any TZD (all P Ͼ 0.05). In subgroup analyses (Fig. 2) , the multivariate HR for TZD use was Ͼ1.0 in all strata and statistically significant (P Ͻ 0.05) in all strata except two (patients with insulin use in the 3 months before the index date Data are means Ϯ SD or n (%). All clinical characteristics assessed using claims during the 12 months prior to index date except for prescriptions, which were assessed using claims during the 3 months prior to the index date. TIA, transient ischemic attack.
[n ϭ 2,965] and those with no HbA 1c test, dilated eye exam, or nephropathy screen during the 12-month pretreatment period [n ϭ 10,518]). The term representing the interaction of TZD use and the stratifying covariate was not significant in any subgroup analysis. There was no strong evidence of nonproportionality of the TZD effect. The multivariate HR for heart failure given TZD use in the propensity-matched samples (n ϭ 5,440 in both groups) was 2.51 (95% CI 2.13-2.94, P Ͻ 0.001).
CONCLUSIONS -Using a large health insurance claims database, we found that use of TZDs was associated with an ϳ60% relative increase in the risk of heart failure after 40 months of followup. This relationship was consistently observed in a number of secondary analyses, including one based on a propensitymatched sample of control subjects. The multivariate HR for TZD use generally increased with the stringency of the criteria used to define heart failure. Although we did not observe a dose-response relationship between TZD use and heart failure, we characterized dosage based on index prescription only, and patients may have switched dosages over time. Also, the numbers of subjects and events within strata defined on index TZD and daily dosage were small and the probability of a type 2 error was therefore high. TZDs could increase risk of heart failure via direct effects on the heart, the kidneys, and/or the vasculature (rosiglitazone can increase pulmonary endothelial cell permeability [17] ), or indirectly by facilitating the action of insulin to promote renal sodium retention (18, 19) . Since patients with diabetes are at increased risk of heart failure (20) , due in part to a specific diabetic cardiomyopathy (21), diabetic patients with underlying myocardial disease-including incipient cardiomyopathy-may be especially vulnerable to the effects of TZDs.
Our results are not inconsistent with the Food and Drug Administrationapproved prescribing information for pioglitazone (7) , which reports that in a 16-week, double-blind, placebocontrolled trial of insulin plus pioglitazone versus insulin alone in 566 patients with type 2 diabetes, 4 patients receiving pioglitazone (1.1%) developed heart failure compared with none in the group receiving insulin alone. Similar results have been reported for rosiglitazone when used in combination with insulin (6) . Interestingly, we found no difference in the HR for heart failure given TZD use between people who did and did not use insulin before the index date, suggesting that the effects of TZDs on the risk of heart failure may not be limited to those receiving insulin therapy.
In absolute terms, TZD use was associated with a 1.1% increase in the annual risk of a new diagnosis of heart failure and a 0.5% increase in risk of heart failure hospitalization. Treatment of 200 individuals with a TZD might thus result in two additional cases of heart failure and one additional hospitalization for heart failure each year. Given the possibility of lifelong therapy with TZDs, and their widespread use, an increase in the risk of heart failure of this magnitude might have important clinical and economic consequences. However, potential risks must be weighed against potential benefits. The reductions in risk of vascular events with TZDs are unknown, although clinical trials to assess such benefits are underway.
Although the relative increase in risk of heart failure associated with TZD use was relatively constant across subgroups defined on baseline characteristics, the absolute increase in risk was greater in subgroups with a higher baseline risk of heart failure. It therefore may be prudent to use TZDs with particular care among those predisposed to the development of heart failure, such as the elderly or those receiving insulin.
Limitations of this study should be noted. First, TZD patients were slightly "sicker" than no TZD patients based on history of vascular disease, diabetes complications, and other comorbidities. However, TZD patients were younger and may have received "better" diabetes care than control subjects based on the frequency of HbA 1c tests. Although we sought to control for "confounding by indication" using multivariate regression and propensity score matching, we lacked data on clinical parameters that have been shown to be independently associated with risk of heart failure in diabetic patients, including weight, HbA 1c level, blood pressure, and serum creatinine (22) . Also, because claims data are available only for a limited period of time for each patient, it was not possible to ascertain time since initial diagnosis of diabetes. Differences between groups in these and possibly other unobserved characteristics may have contributed to the ele- vated risk of heart failure that we observed among TZD patients. Second, some diagnoses may be omitted or coded incorrectly in administrative datasets (23) . There is evidence to suggest that diagnoses of heart failure may be inappropriately used to obtain more favorable reimbursement (24) . If TZD patients were more likely to be misdiagnosed with heart failure than control subjects (e.g., due to symptoms of edema), our results might be biased.
Third, treatment was not blinded and the increased risk of heart failure that we observed among TZD patients may have been due to heightened vigilance to the signs and symptoms of heart failure in TZD patients. While such detection bias is potentially problematic for "softer" outcomes such as that used in our primary analysis, it should be less so for "harder" outcomes such as hospitalization for heart failure, which we examined in a secondary analysis. However, it was not possible to assess mortality, as information on vital status is not available in the dataset.
In summary, we observed a strong, consistent, and independent association between the use of TZDs and risk of heart failure. However, the results of single observational study are not sufficient to establish causality. Nevertheless, our findings suggest that physicians should use TZDs with caution in patients with heart failure, remain vigilant for manifestations of heart failure in those receiving these drugs, especially patients with cardiovasculopathy, who may be predisposed to heart failure, and consider alternate therapies for patients who develop symptoms of heart failure such as shortness of breath.
